Measurement of the W+W− Production Cross Section and Differential Cross Sections with Jets in pp‾ Collisions at s=1.96 TeV  by Parker, W.C.
Measurement of the W+W− Production Cross Section and Diﬀerential Cross
Sections with Jets in pp¯ Collisions at
√
s = 1.96 TeV
W.C. Parker, on behalf of the CDF Collaboration
Department of Physics, University of Wisconsin, Madison
Madison, WI, USA
Abstract
W+W− production is an interesting process in the gauge sector being produced both by radiation from quarks and
multiple gauge boson coupling. It is also a critical background for measurements of Higgs production with decay to
WW bosons. A measurement of the W boson pair production cross section with additional jets is presented. This is
the ﬁrst measurement to include the diﬀerential cross section as a function of jet multiplicity and leading jet energy,
and the most precise measurement of W boson pair production at a pp¯ collider. The WW cross section is measured
in the two charged lepton and two neutrino ﬁnal state, where the charged leptons are electrons or muons. Using
9.7fb−1 of data collected by the CDF II detector, the total cross section is measured to be σ(pp¯ → W+W− + X) =
14.0 ± 0.6(stat)+1.2−1.0(syst) ± 0.8(lumi) pb, consistent with the Standard Model prediction.
1. Introduction
Production of pairs of W+W−(WW) boson pairs is a
test of the electroweak sector of the Standard Model.
The properties of associated jets provide a test of QCD
predictions that has not previously been performed in a
massive diboson state. WW production is also a signif-
icant background for Higgs boson searches in the WW
ﬁnal state at particle colliders[1][? ][3][4]. These anal-
yses rely on the use of jet multiplicity and other prop-
erties, making an understanding of WW with associated
jets essential. An understanding of diboson production
with associated jets is also important for studies of vec-
tor boson scattering[5], a process that is sensitive to
new physics in the electroweak symmetry breaking sec-
tor. WW production has previously been measured by
the CDF[6], D0[7], ATLAS[8], and CMS[9][10] exper-
iments, either measuring an inclusive cross section or
vetoing events with jets. The ATLAS and CMS mea-
surements of the WW cross section are in agreement
with an NNLO calculation of the cross section[21]. In
this paper the signal region is separated by jet multi-
plicity and, in the single jet region, by jet transverse en-
ergy. Three neural networks are trained independently
for events with zero, one, and two or more jets to sep-
arate simulated WW events from backgrounds. To ex-
tract the diﬀerential cross section templates for signal
and background are created from the neural net distri-
butions and ﬁt to data via a binned maximum likelihood
method. The result is unfolded to the hadronic level and
compared to ﬁxed order(alpgen[11]) and next to lead-
ing order(MC@NLO[12]) Monte Carlo predictions, the
two most widely used methods for generating diboson
events with associated jets. A signiﬁcant background
to WW events with jets is production of a pair of top
quarks. The large cross section for this process at the
LHC makes the Tevatron uniquely suited to a study of
WW plus jets events.
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2. Event Selection
The deﬁnitions of physics objects are identical to
those used in the CDF Higgs to WW search[1]. Both W
bosons are required to decay leptonically for a cleaner
signal. Here lepton refers to an electron or muon,
though electrons and muons resulting from tau lepton
decays are included. Event selection begins with a sin-
gle high-pT (ET ) trigger, with a threshold of 20 GeV. A
second lepton of opposite charge is required, for which
the threshold is reduced to 10 GeV. In order to improve
acceptance multiple lepton identiﬁcation categories are
used, corresponding to diﬀerent detector elements and
methods of identiﬁcation. Both calorimeter and tracker
isolation requirements are applied, along with cuts on
the invariant mass of the lepton pair to reduce Wγ and
Drell-Yan backgrounds. Two neutrinos also result from
the leptonic decay of the W bosons, resulting in sub-
stantial E/T . Increased sensitivity to neutrinos is achieved
by deﬁning the variable E/T,rel = E/T sinΔφ(E/T , l/ j) when
Δφ(E/T , l/ j) ≤ π2 , where Δφ(E/T , l/ j) is the azimuthal sep-
aration between the E/T and the momentum vector of the
nearest lepton or jet. Selection based on this variable re-
duces the signiﬁcance of E/T due to a mismeasured lep-
ton or jet. Unique to this analysis is the binning of the
signal region by jet multiplicity, where a jet is deﬁned
as having ET > 15 GeV and |η| < 2.5. Five bins are de-
ﬁned: zero jets, one jet with 15 < ET < 25 GeV, one jet
with 25 < ET < 45 GeV, one jet with ET > 45 GeV, and
two or more jets. Events with two are more jets are ve-
toed if one or more of the jets is identiﬁed as originating
from a b-quark by the HOBIT[13] b-tagger.
3. Background Modeling and Validation
The signal region deﬁned by this selection includes a
number of backgrounds. WZ and ZZ, where one vector
boson decay hadronically or leptons are not detected,
are an irreducible background, as is tt¯ production, a
dominant background for events with two or more jets.
These processes include jets at leading order, and are
simulated with pythia[14]. If the energy or momentum
of a lepton or jet is mismeasured, substantial apparent
E/T can be observed. Drell-Yan events, having a large
cross section and no neutrinos, enter the sample in this
way. Drell-Yan is simulated with Pythia in the zero
and one jet bins, with the cross section and E/T mod-
eling tuned according to a control region in the CDF
H → WW analysis. In the two or more jets bin, Drell-
Yan is simulated with Alpgen. Finally, events may enter
the sample through a photon or jet being misidentiﬁed
as a lepton. Wγ events are modeled with Baur Monte
Carlo[15] and normalized according to a control region
in the CDF H → WW analysis. W+jets events are the
dominant background in the zero and one jet regions,
and are modeled by calculating the rate for jets to fake
leptons in samples collected with jet triggers, and apply-
ing it to single lepton plus jets events. Dominant back-
grounds are validated in three control regions, chosen
to be orthogonal but kinematically similar to the signal
region. In the Drell-Yan control region, events are se-
lected with a dilepton invariant mass close to that of the
Z boson and e − μ events are vetoed. Because these
events do not include neutrinos the E/T,rel requirement is
relaxed. In the tt¯ control region, the kinematic selection
is identical to the two or more jets signal region, but
events are required to have one or more b-tagged jets.
In the same charge control region, the kinematic selec-
tion is identical to the full signal regions, but two leptons
of the same charge are required. This tests the model-
ing of fake leptons by enhancing Wγ and W+jets. In
all three control regions, agreement is observed within
uncertainties.
4. Signal Discrimination
In order to maximize acceptance while separating
signal from background, separate NeuroBayes[16] neu-
ral networks are trained in the zero jet, one jet, and
two or more jets regions. Neural networks are trained
on kinematic inputs that exploit the underlying physics
of signal and background processes and are observed
to be well modeled by simulation. Each channel uses
approximately ten inputs, with many inputs common
across channels. Among the most signiﬁcant are the to-
tal energy of the event, with the characteristic energy
of WW events less than tt¯ and greater than other back-
grounds; the transverse momentum of the subleading
lepton, which tends to be low in events with a fake lep-
ton; and, in the two or more jets region, the pT of the
jet pair, which tends to be higher in tt¯ events. Strongly
signal and background enhanced regions are observed
in all three jet regions, shown in Figure 1. W+jets is
particularly well separated, and thus constrained, in the
zero jet region, Drell-Yan in the one jet region, and tt¯ in
the two or more jets region.
5. Cross Section Measurement
In order to extract a diﬀerential cross section, the
one jet discriminant is further separated by jet trans-
verse energy into three bins. The ﬁnal discriminants
are ﬁt via a binned maximum likelihood method using
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Figure 1: Final discriminants for the zero, one, and two or more jet
regions
MINUIT program[17]. The likelihood is composed of
the Poisson probabilities in each bin. Systematics are
treated as nuisance parameters and subject to a Gaussian
constraint. Dominant systematics include the luminos-
ity uncertainty[18], due to operation and acceptance of
the Cherenkov Luminosity Counter and uncertainty in
the inelastic pp¯ cross section; lepton identiﬁcantion and
trigger eﬃciencies, evaluated in Z → l+l− events; WW
parton shower scale, determined in pythia8[19] sam-
ples; and Jet Energy Scale, determined in Z/γ∗+jet pT
balancing studies. The last two are anti-correlated, mov-
ing events between bins rather than aﬀecting the overall
normalization. The cross section is extracted from the
signal normalization, which is allowed to ﬂoat freely
WW(llνν) Cross Section CDF Run II Preliminary
∫
L = 9.7 fb−1
σ(pb) Uncertainty(pb) σ(pb)
Jet Bin Measured Stat. Syst. Lumi. Alpgen MC@NLO
Inclusive 14.0 ±0.6 +1.2−1.0 ±0.8 11.3 ± 1.4 11.7 ± 0.9
0 Jets 9.57 ±0.40 +0.82−0.68 ±0.56 8.24 ± 1.04 8.62 ± 0.63
1 Jet Inclusive 3.04 ±0.46 +0.48−0.32 ±0.18 2.43 ± 0.31 2.47 ± 0.18
1 jet, 15 < ET < 25 GeV 1.47 ±0.17 +0.13−0.09 ±0.09 1.26 ± 0.16 1.18 ± 0.09
1 jet, 25 < ET < 45 GeV 1.09 ±0.18 +0.14−0.11 ±0.06 0.77 ± 0.10 0.79 ± 0.06
1 jet, ET > 45 GeV 0.48 ±0.15 +0.19−0.11 ±0.03 0.40 ± 0.05 0.46 ± 0.03
2 or More jets 1.35 ±0.30 +0.45−0.28 ±0.08 0.64 ± 0.08 0.61 ± 0.05
Table 1: Measured and predicted diﬀerential and inclusive cross sec-
tions
and independently in each signal region. In order to
compare the diﬀerential cross section directly to theo-
retical predictions, detector and reconstruction eﬀects
on jet distributions must be accounted for. This is ac-
complished by clustering hadronic level jets in Monte
Carlo and comparing them to fully reconstructed jets.
A response matrix is constructed and the cross section
unfolded via an iterative Bayesian procedure[20]. The
unfolded result can then be compared to any theoretical
prediction at the hadronic level.
6. Results
The inclusive cross section is measured to be
14.0 ± 0.6(stat)+1.2−1.0(syst) ± 0.8(lumi) pb, consistent with
the Standard Model predictions of both alpgen and
MC@NLO. Diﬀerential cross sections as a function of
jet multiplicity and transverse energy, as shown in Ta-
ble 1 and Figure 2 are also consistent with predictions.
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Figure 2: Measured and predicted diﬀerential and inclusive cross sec-
tions
7. Conclusion
The relatively low tt¯ background at the Tevatron
presents a unique opportunity to measure the proper-
ties of associated jets in diboson events. The WW pro-
duction cross section has been measured inclusively and
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diﬀerentially in the dilepton channel and shown to agree
with alpgen and MC@NLO predictions. The unfolded
result can be compared to any theoretical prediction at
the hadronic level. This is the most precise measure-
ment of the WW cross section at a pp¯ collider, and the
ﬁrst jet-diﬀerential cross section measurement in a mas-
sive diboson state.
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